SUMMARY
Modular glycoside hydrolases that attack recalcitrant polymers generally contain noncatalytic carbohydrate binding modules (CBMs), which play a critical role in the action of these enzymes by localising the appended catalytic domains onto the surface of insoluble polysaccharide substrates. Type B CBMs, which recognise single polysaccharide chains, display ligand specificities that are consistent with the substrates hydrolysed by the associated catalytic domains. In enzymes that contain multiple catalytic domains with distinct substrate specificities it is unclear how these different activities influence the evolution of the ligand recognition profile of the appended CBM. To address this issue we have characterised the properties of a family 11 CBM (CtCBM11) in Clostridium thermocellum Lic26A-Cel5E, an enzyme that contains GH5 and GH26 catalytic domains that display β-1,4 and β-1,3-1,4-mixed-linked endoglucanase activity, respectively. Here we show that CtCBM11 binds to for Glc-β1,4-Glc-β1,4-Glc-β1,3-Glc, Glc-β1,4-Glc-β1,4-Glc-β1,4-Glc and Glc-β1,3-Glc-β1,4-Glc-β1,3-Glc, respectively, demonstrating that CBMs can display a preference for mixed linked glucans. To determine whether these ligands are accommodated in the same or diverse sites in CtCBM11 the crystal structure of the protein was solved to a resolution of 1.98 Å. The protein displays a β-sandwich with a concave side that forms a potential binding cleft. Site-directed mutagenesis revealed that Tyr22, Tyr53 and
INTRODUCTION
The major plant cell wall polysaccharides, cellulose and hemicellulose, are hydrolysed into soluble sugars by a consortium of microbial enzymes. In nature, these enzyme systems play a major role in recycling plant cell wall fixed carbon and are therefore of considerable biological and biotechnological importance. In general, glycoside hydrolases (GH) that catalyse plant cell wall degradation contain non-catalytic carbohydrate binding modules (CBMs) that interact with polysaccharides (1) . Based on primary structure similarity, CBMs have been grouped into 39 different families ((2) http://afmb.cnrs-mrs.fr/CAZY). By mediating an intimate and prolonged association of the enzyme with its target substrate, CBMs enhance the activity of the catalytic module against insoluble polysaccharides (3, 4) .
Therefore, CBMs play a major role in potentiating the capacity of cellulases and hemicellulases to degrade plant cell wall polysaccharides.
Structural studies have revealed that the topology of the ligand-binding site of CBMs varies.
CBMs that interact with the flat surfaces of crystalline polysaccharides contain a planar hydrophobic carbohydrate binding site and are referred to as Type A CBMs (5) (6) (7) (8) . In contrast, CBMs that bind to single polysaccharide chains accommodate these ligands in extended clefts and are defined as Type B CBMs (9) (10) (11) (12) . Type B CBMs have been described that bind to a diversity of ligands, with some modules displaying plasticity in their capacity to accommodate heterogeneity in the sugar backbone both in terms of the identity of the saccharides and the nature of the linkage. Thus, polar residues in CBM29 are able to hydrogen bond to the axial O2 in mannose and the equatorial O2 in glucose enabling the protein to bind cellulose, glucomannan and mannan (13) . Some CBMs from families 4 and 6 display affinity for the β-1,3-1,4-mixed linked glucans (barley β-glucan and lichenan) and β-1,4 glucans such as amorphous cellulose and cellohexaose (14, 15) . It is currently unclear by guest on October 5, 2017 http://www.jbc.org/ Downloaded from whether these proteins interact exclusively with the β-1,4 regions of the mixed linked polysaccharide or display specificity for sequences of glucose units that are linked by a mixture of β-1,3 and β-1,4 glycosidic bonds. In general the ligand specificity of Type B CBMs reflects the substrate hydrolysed by the associated catalytic modules (1) . In enzymes that contain multiple catalytic domains with distinct substrate specificities, however, it is unclear how these different activities influence the evolution of the ligand recognition profile of the appended CBM.
To investigate whether CBMs can display enhanced affinity for mixed linked glucans and to interrogate the evolutionary pressure exerted on the ligand specificity of CBMs in enzymes that contain distinct catalytic modules, we have studied the structure and function of the family 11 CBM (CtCBM11) in Clostridium thermocellum Lic26A-Cel5E (16) . This enzyme contains GH5 and GH26 catalytic domains that display β-1,4 and β-1,3-1,4-mixed-linked endoglucanase activity, respectively. Here we show that CtCBM11 does indeed display a preference for specific β-1,3-1,4-mixed linked glucans although the protein is able to bind to β-1,4 glucose polymers. The 3D structure of CtCBM11 in harness with mutagenesis studies reveals that the protein contains a single ligand binding cleft that can accommodate both β-1,3-1,4-and β-1,4-linked glucans.
EXPERIMENTAL PROCEDURES

Protein Expression and Purification
To express CtCBM11 in Escherichia coli, the region of the Lic26A-Cel5A gene (lic26A-cel5A) encoding the internal family 11 CBM was amplified from C. thermocellum YS genomic DNA using the thermostable DNA polymerase pFU Turbo (Stratagene). The primers  used,  5´-CTCGCTAGCGCTGTCGGTGAAAAAATG-3´  and  5´- CACCTCGAGAGCACCAATCAGCTTGAT-3´, incorporated NheI and XhoI restriction sites, which are depicted in bold. The PCR product was cloned into pGEM T-easy (Promega) and sequenced to ensure that no mutations had occurred during the polymerase chain reaction. The recombinant pGEM T-easy derivative was digested with NheI and XhoI and the excised CtCBM11 encoding gene was cloned into the similarly restricted expression vector pET21a to generate pAG1. CtCBM11 encoded by pAG1 contains a C-terminal His 6 -tag. E.
coli BL21 harbouring pAG1 was cultured in LB containing 100 µg/ml ampicillin at 37 °C to mid-exponential phase (A 550 0.6) at which point isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and the cultures were incubated for a further 5
hours. Cells were collected by centrifugation and the cell pellet was resuspended in a 50 mM sodium Hepes buffer, pH 7.5, containing 1 M NaCl and 10 mM imidazole. For biochemical assays, recombinant CtCBM11 was purified by immobilized metal ion affinity chromatography as described previously (17) .
Source of sugars used
All soluble polysaccharides were purchased from Megazyme International (Bray County Wicklow, Ireland), except oat spelt xylan and hydroxyethylcellulose, which were obtained
Affinity gel electrophoresis
The affinity of CtCBM11 for a range of soluble polysaccharides was determined by affinity gel electrophoresis (AGE). The method was essentially as described by Tomme et al. (20) using the polysaccharide ligands at a concentration of 0.1 % (w/v). Electrophoresis was carried out for 4 h in native polyacrylamide gels containing 10% (w/v) acrylamide. The nonbinding negative control, was bovine serum albumin. Quantitative assessment of binding was carried out as described previously (21) . 
Binding to insoluble polysaccharides
Isothermal titration calorimetry (ITC)
ITC measurements were made at 25 °C for all ligands except lichenan, which was also measured at 60 °C in order to determine the ΔC p , following standard procedures (22) Titrations were carried out in triplicate for most ligands, and the errors are the S.D. of the mean of these replicates.
Site-directed mutagenesis
Mutants of CtCBM11 were generated using the PCR-based QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. The primers used to generate these mutants were as follows: TGGGGTTCAGCCTCCGGTGAAGGTGC and TGCACCTTCACCGGAGGCTGAACCCCA, Y22A;
GGGACAACGGACGGCGCCTGGGGAACAGTATAC and
Production and purification of seleno-L-methionine containing CtCBM11
The methionine auxotroph E. coli B834 (DE3), transformed with pAG1, was cultured at 37ºC in one litre of culture medium as described by Charnock et al. (9) . Expression of CtCBM11 was induced by the addition of 1 mM IPTG when cells were at mid-exponential growth phase. Cells were incubated at 37ºC for a further 16 h, after which time were collected and the recombinant protein purified by affinity chromatography as described above. For crystallization trials, gel filtration was included as a further purification step. The enzyme was buffer exchanged, using a PD-10 Sephadex G-25M gel filtration columns (Amersham Biosciences), into 50 mM Hepes buffer, pH 7.5, containing 200 mM NaCl (Buffer A), concentrated to 20 mg/ml with Amicon 10 kDa molecular-weight centrifugation membranes, and subjected to gel filtration using a HiLoad 16/60 Superdex 75 column (Amersham Biosciences) with protein eluted at 1 ml/min in Buffer A. Purified enzyme was concentrated, as described before, washed three times with 5 mM DTT using the same centrifugal membranes, and the final protein concentration was adjusted to 50 mg/ml.
Crystallization and data collection
Crystals of seleno-L-methionine-containing protein were grown by vapor-phase diffusion using the hanging drop method with an equal volume (1 µl) of protein (50 mg/ml in water)
and reservoir solution ( Table 1 .
Phasing, model building and refinement
Four selenium sites were located and refined with SOLVE (24), using the peak (0.9810 Å) and the edge (0.9813 Å) data sets, which showed a high correlation of anomalous differences.
This resulted in phases to 1.98 Å with a figure of merit of 0.62, which were further improved by solvent flattening with DM (25) . Automated model building using warpNtrace (26) generated a model with R = 37.4%. This initial model consisted of 163 of a total of 178 amino-acid residues and did not include the CtCBM11 primary sequence. Iterative model building with TURBO (27) , together with refinement in REFMAC5 (28) and Ala 2 of the N-terminus and 3 histidine residues of the C-terminus, part of the His tag.
RESULTS AND DISCUSSION
Ligand specificity of CtCBM11
The family 11 CBM of endoglucanase F of Fibrobacter succinogenes S85 was previously shown to bind Avicel (29) . It was based on this observation that members of this family were classified as CBMs. To characterize the ligand binding specificity of CtCBM11, the protein by guest on October 5, 2017
http://www.jbc.org/ Downloaded from module was expressed as a discrete entity in E. coli and purified to electrophoretic homogeneity. The affinity of CtCBM11 for barley β-glucan, lichenan, glucomannan, hydroxyethyl cellulose and oat spelt xylan was determined by quantitative AGE. The data showed that CtCBM11 displays highest affinity for β-1,3-1,4-glucans, while exhibiting significantly weaker binding to hydroxyethyl cellulose, glucomannan and oat spelt xylan (see Table 3 ). CtCBM11 did not associate with arabinan, galactomannan, laminarin, rhamnogalacturan, glucuronoxylan or rye-arabinoxylan.
To explore the ligand specificity of CtCBM11 in more detail, the binding of the protein to polysaccharides and oligosaccharides was evaluated using ITC. Example titrations, displayed in Figure 1 , reveal sigmoidal titration curves for β-1,3-1,4 and β-1,4-glucooligosaccharides as well as the mixed linked polysaccharides barley β-glucan and lichenan, enabling the K a , ∆H and stoichiometry of binding to be accurately determined for these ligands ( Table 2 ). The data show that CtCBM11 displays similar affinity for cellohexaose, cellopentaose and cellotetraose. Although the protein retains significant affinity for cellotriose (K a 1.6 × 10 
Crystal structure of CtCBM11 and its similarity with other CBMs
The structure of the CtCBM11 was solved using MAD methods with a seleno-methionine derivative crystal. Experimental phases were obtained to a resolution of 1.98 Å, which generated electron density maps of sufficiently high quality for automatic interpretation.
Statistics of the diffraction data and the final model are presented in Table 1 
Conclusions
This report reveals that CtCBM11 binds preferentially to β-1,3-1,4 glucans while displaying considerable affinity for β-1,4 linked glucose polymers and no affinity for β-1,3 glucans. This ligand specificity reflects the substrate specificity of the associated GH26 and GH5 catalytic modules that act specifically on β-1,3-1,4 or β-1,4 glucans, respectively (unpublished data).
The presented in this report demonstrate that the different substrate specificities displayed by the two catalytic domains in Lic26A-Cel5E both influence the ligand specificity of the appended CBM11. We also provide evidence that CBMs can display specificity for stretches of glucose residues that are linked by a specific combination of β-1,4 and β-1,3 glycosidic bonds. 
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